Little is known about whether the duration of adjuvant imatinib influences the prognostic significance of KIT proto-oncogene receptor tyrosine kinase (KIT) and platelet-derived growth factor receptor α (PDGFRA) mutations.
College of Surgeons Oncology Group Z9001 trial that compared 1 year of adjuvant imatinib with placebo and the European Organisation for Research and Treatment of Cancer trial that compared 2 years of adjuvant imatinib to observation (each trial performed in part in a lower-risk patient population) found adjuvant imatinib to improve RFS but not OS. [6] [7] [8] The reasons why the 3-year adjuvant imatinib treatment resulted in an OS benefit whereas the shorter treatments did not have remained speculative. Activating mutations in KIT proto-oncogene receptor tyrosine kinase (KIT) (encodes KIT protein) (OMIM 164920) and less frequently in platelet-derived growth factor recept o rα( PDGFRA) (encodes platelet-derived growth factor receptor α) (OMIM 173490) are considered the major molecular drivers of most GISTs. 9 The resulting aberrant receptor tyrosine kinases are excellent targets for therapy with tyrosine kinase inhibitors. 10 Most KIT mutations are deletion mutations in exon 11, and these deletions frequently span the critical codons 557 and/or 558. KIT exon 11 mutations that involve codons 557 and/or 558 are associated with poor prognosis in patient populations treated with surgery. 11-14 Some other KIT mutations, such as exon 11 insertion and duplication mutations and PDGFRA mutations, are generally associated with favorable survival. [13] [14] [15] However, the prognosis associated with single KIT or PDGFRA mutations may vary greatly, depending on the tumor mitotic rate, suggesting that further genetic aberrations besides KIT and PDGFRA mutations contribute to the clinical behavior of GIST.
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Mutation analysis of KIT and PDGFRA and possibly also of other genes, such as B-Raf proto-oncogene, serine/ threonine kinase (BRAF) (OMIM 164757) and succinate dehydrogenase (SDH) A (OMIM 600857), B (OMIM 185470), C (OMIM 602413), and D (OMIM 602690), is recommended also for estimation of GIST drug responsiveness. In particular, PDGFRA exon 18 mutation D842V confers imatinib resistance, whereas most KIT exon 11 deletion mutations are highly sensitive.
16 Patients with advanced GIST with KIT exon 9 mutation likely benefit from a dose of imatinib that is higher than the standard 400 mg.
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Little is known about whether the duration of adjuvant imatinib influences the prognostic significance of KIT and PDGFRA mutations. We studied this in the patient population of the SSGXVIII/AIO trial that compared 2 durations of adjuvant imatinib.
Methods

Participants
The SSGXVIII/AIO is an open-label, randomized, multicenter, phase 3 trial in which the participants were randomized for intention to treat in a 1:1 ratio to receive 400 mg/d of adjuvant imatinib orally for 1 or 3 years. 5, 18 The study, a protocol-based prespecified analysis, was approved by the Operative Ethics Committee of the Helsinki University Central Hospital and conducted according to the Good Clinical Practice guidelines. The participants provided written informed consent before study entry. All data were deidentified. Patients 18 years or older with Eastern Cooperative Oncology Group performance status of 2 or less and GISTs completely excised macroscopically at open surgery were eligible. Patients with metastatic, inoperable, or recurrent GISTs and those with prior neoadjuvant imatinib therapy were excluded. Patients who were rendered free from all detectable GIST metastases with surgery were allowed to participate until October 2006, when the study protocol 18 was amended and such patients were excluded. The diagnosis of GISTs was made based on histologic assessment and the expression of KIT on immunohistochemical analysis. The estimated risk of recurrence was required to be high according to the modified National Institutes of Health consensus criteria. High risk was defined as tumor diameter greater than 10.0 cm, more than 10 mitoses per 50 highpower fields (HPFs), diameter greater than 5.0 cm and mitotic count higher than 5, or presence of tumor rupture.
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Between February 4, 2004, and September 29, 2008 , a total of 400 patients were accrued from 24 study sites.
5 Three patients who had been randomized without signing informed consent forms were excluded from the analyses, and we also excluded 15 patients who did not have GISTs at central pathology review of the tumor tissue specimens, 24 patients with GIST metastases resected at surgery, and 17 patients who did not have mutation analysis of KIT and PDGFRA performed centrally (Figure 1) . The median follow-up time after the date of randomization of the 341 patients in the final formed before starting adjuvant imatinib with contrastenhanced computed tomography or magnetic resonance imaging of the abdomen and the pelvis and with computed tomography or radiography of the chest. Computed tomography or magnetic resonance imaging of the abdomen was performed at 6-month intervals until month 84 of the study and then annually. Physical examination, blood cell counts, and blood biochemical analyses were assessed periodically.
Central Histopathologic Review
Local pathologists made the histologic diagnosis of GISTs, and GIST risk stratification was based on this assessment. Tumor histologic findings were reviewed centrally during the study by 1 of 2 pathologists with special interest in sarcoma pathology. At central pathology review, 15 patients were found not to have GISTs. The central pathologists also counted tumor mitoses from 50 HPFs (the total HPF areas were 11.24 and 12.50 mm 2 ).
Mutation Analysis
Mutation analysis of KIT and PDGFRA was not required for study entry. KIT exons 9, 11, 13, and 17 and PDGFRA exons 12 and 18 were sequenced centrally during the study using conventional sequencing.
19,20
We focused on KIT exon 11 deletion mutations because these are the most common KIT aberrations in GISTs. We classified these mutations in 4 different ways: (1) presence of any deletion or insertion-deletion (indel) mutation in KIT exon 11, (2) presence of a mutation that involves exon 11 codon 557 and/or codon 558 (a deletion or indel mutation or a substitution mutation), (3) presence of a deletion or indel mutation that involves codon 557 and/or codon 558, and (4) a deletion of codons 557 and/or 558 only (leading to p.Trp557_Lys558del).
Statistical Analysis
We selected RFS as the survival end point for this exploratory study because RFS was also the primary objective in the SSGXVIII/AIO trial 5 and more RFS events occurred compared with OS events, thus providing more statistical power (Figure 1 ). We defined RFS as the interval between the date of randomization and the date of first documentation of GIST recurrence or death, whichever occurred first, censoring patients who were alive without recurrence on the date of the last follow-up visit. Overall survival was calculated from the date of randomization to the date of death. Survival between groups was compared using the KaplanMeier life- exon 11 substitution mutations, and 26 (9.5%) were exon 9 duplication mutations (all leading to p.Ala502_Tyr503dup). The highest median mitotic counts were present in GISTs that had deletion of codons 557 and 558, leading to p.Trp557_Lys558del (17 mitoses per 50 HPFs), and the lowest counts were in tumors with PDGFRA mutation (1 mitosis per 50 HPFs). GISTs with a KIT exon 11 deletion or indel mutation harbored a median of 8 mitoses per 50 HPFs (eTable 1 in the Supplement).
Mutation Type and RFS
During the follow-up, 80 RFS events occurred in the 1-year group and 62 in the 3-year group. Patients whose GISTs harbored a PDGFRA mutation, a KIT exon 11 duplication or insertion mutation, or a KIT exon 11 substitution mutation had more favorable RFS than patients with a KIT exon 11 deletion or indel mutation, and patients with a KIT exon 9 mutation had the worst outcome ( Figure 2A ). Patients with a KIT exon 11 deletion or indel mutation treated with 3 years of adjuvant imatinib treatment had substantially better RFS compared with patients treated with 1 year of imatinib treatment (5-year RFS, 71.0% vs 41.3%; P < .001), whereas no significant difference in RFS was observed in the other subgroups studied (5-year RFS, 82.6% at 3 years and 60.8% at 1 year in patients with KIT exon 11 substitution mutation and 42.9% at 3 years and 25.0% at 1 year in patients with KIT exon 9 mutation) ( Figure 2B -D and eFigure 1 in the Supplement).
KIT Exon 11 Deletions That Involve Codon 557 and/or 558
We next investigated in more detail the largest subgroup of mutations: KIT exon 11 deletions. When the patients who had any KIT exon 11 deletion or indel mutation (n = 149) were compared with the rest of the patients, patients with a KIT exon 11 deletion or indel mutation had unfavorable RFS (5-year RFS, 57 .5%vs68.4%;P = .03) (eFigure 2 in the Supplement). Similarly, 30 patients who had deletion of the KIT exon 11 codons 557 and 558 had less favorable RFS than the rest of the patients (5-year RFS, 48.3% vs 65.2%; P = .001), whereas no significant difference in RFS was found between patients who had any type of KIT exon 11 mutation involving codon 557 or 558 (5-year RFS, 60.6% vs 65.3%; P = .32) or between patients who had a KIT exon 11 deletion or indel mutation that involved 557 and/or 558 and the rest of the patients (5-year RFS, 57.7% vs 66.4%; P = .07). The prognostic significance of the different types of KIT exon 11 mutations for RFS depended on the duration of adjuvant imatinib administered. Presence of a KIT exon 11 deletion or indel mutation, a KIT exon 11 mutation that involved codons 557 and/or 558, an exon 11 deletion or indel mutation that involved codons 557 and/or 558, and a deletion mutation of codons 557 and 558 were each significantly associated with unfavorable RFS compared with the rest of the patients in the subgroup of patients assigned to 1 year of imatinib treatment, but no such associations were present among patients who were assigned to 3 years of imatinib treatment (Figure 3 and eFigure 3 in the Supplement). Because the assumption for proportionality was not valid, the interaction between the duration of adjuvant imatinib and the presence of KIT deletion mutation was not tested in a linear multivariable model. The main prognostic factors were generally similarly distributed between the 1-year and 3-year arms in the subgroups of patients with different types of KIT exon 11 deletion mutations (eTables 2, 3, and 4 in the Supplement).
Patients with KIT exon 11 deletion or indel mutation had better OS than the rest of the patients in the entire cohort (5-year OS,93.5%vs87.3%;P = .04), but no significant difference was found in the 1-year (5-year OS, 88.9% vs 85.7%; P = .27) and 3-year (5-year OS, 97.3% vs 89.1%; P = .06) subsets.
KIT Exon 11 Deletion Mutations and Mitotic Counts
To further examine the associations between KIT deletion mutations and the duration of adjuvant imatinib treatment, we next investigated how the duration of adjuvant imatinib influences Abbreviations: IQR, interquartile range; KIT, KIT proto-oncogene receptor tyrosine kinase; PDGFRA, platelet-derived growth factor receptor α.
a Data are presented as number (percentage) of patients unless otherwise indicated.
b Counts per 50 high-power fields of the microscope at central review of the tumor specimens.
c Includes 4 tumors with a KIT exon 13 mutation, 2 tumors with a KIT exon 11 duplication or insertion mutation plus a substitution mutation, 1 with a KIT exon 11 insertion mutation plus an insertion-deletion mutation, 1 with a KIT exon 11 deletion mutation plus a KIT exon 11 insertion mutation, and 1 with an unspecified KIT mutation.
the prognostic significance of the tumor mitotic count in subsets of patients with different types of KIT deletion mutations. In these analyses, we used the median mitotic count of GISTs with KIT deletion mutation in the central histopathologic review as the cutoff value (8 mitoses per 50 HPFs). The tumor mitotic count was significantly associated with RFS in the subsets of patients who had KIT deletion or indel mutation (5-year RFS, 54.5% vs 28.4%; P = .01) or who had any KIT mutation that involved codons 557 and/or 558 (5-year RFS, 55.2% vs 30.8%; P = .05) when the patients had been assigned to the 1-year group of the trial, but mitotic count was not significantly associated with RFS in these subgroups when the patients had been assigned to the 3-year arm (Figure 4 and eFigure 4 in the Supplement).
Discussion
Few data are available on how the duration of adjuvant imatinib treatment influences the risk of recurrence related to different GIST genotypes. We found that patients whose GIST harbors KIT exon 11 deletion mutation benefit most from the 3-year adjuvant treatment, whereas patients with other mutations had less or no benefit. KIT exon 11 deletion mutations, KIT exon 11 mutations that involved the codons 557 and/or 558, and deletions that led to p.Trp557_Lys558del were each significantly associated with unfavorable RFS in the subset of patients randomized to 1 year of imatinib treatment but not among those randomized to 3 years. When we examined the prognostic significance of tumor mitotic count in the subgroup of patients with KIT exon 11 deletion mutations, mitotic count was significantly associated with unfavorable RFS among only patients assigned to the 1-year group but not among those assigned to the 3-year group. To our knowledge, the observation that the duration of adjuvant imatinib treatment influences the clinical significance of important prognostic factors, such as tumor mitotic count and tumor genotype, is novel. In the adjuvant setting, the duration of imatinib administration may thus influence pro- foundly the molecular biology of some GISTs. This might not be as evident in advanced GISTs, in which the rates of GIST progression may not differ markedly after imatinib therapy discontinuation after variable durations of imatinib treatment.
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In the preplanned subgroup analyses of the SSGXVIII/AIO trial, patients who had GISTs with a high mitotic count (>10 mitoses per 50 HPFs) and those with KIT exon 11 deletion mutation benefited most from the 3-year adjuvant treatment, whereas patients whose GISTs had a lower count (<10 mitoses) did not benefit. 18 These findings suggest that longer adjuvant imatinib treatment eradicates more efficiently GIST cells that harbor imatinib-sensitive KIT mutations and have a high cell proliferation rate than the shorter treatment.
The finding that patients with KIT exon 11 deletion mutation benefit most from the longer adjuvant treatment is in accordance with prior observations. 16, 22 Patients with advanced GISTs with KIT exon 11 mutation respond frequently to imatinib and have longer progression-free survival compared with patients with exon 9 KIT mutation or those whose GISTs lack KIT and PDGFRA mutations. 16 In one study, 22 patients with KIT exon 11 mutation that involved codons 557 and/or 558 responded to imatinib more frequently than patients with a KIT exon 11 mutation that did not involve these codons. In the American College of Surgeons Oncology Group Z9001 trial that compared 1 year of adjuvant imatinib to 1 year of placebo, patients with a KIT exon 11 deletion mutation had higher RFS when randomized to imatinib, whereas no significant RFS benefit was found among patients with KIT exon 11 insertion or substitution mutation, KIT exon 9 mutation, PDGFRA mutation, or GISTs that were wild type for KIT and PDGFRA.
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These current findings have several consequences. They may help to explain why an OS benefit emerged in the SSGXVIII/ AIO trial in favor of the 3-year group, whereas no OS benefit was observed in the 2 randomized trials that evaluated shorter durations of adjuvant imatinib and that also accrued lower-risk patients.
7,8 The current findings suggest that longer adjuvant treatments tend to result in less steep slopes of the RFS curves when adjuvant imatinib is discontinued, which may be the case (eFigure 5 in the Supplement). The present findings further suggest that patients with GISTs treated with long durations of adjuvant imatinib may need to be followed up longer for tumor recurrence because some of the recurrent tumors may surface late despite the presence of high-risk features at the time of the diagnosis. More important, studies that evaluate the prognostic factors of localized GISTs now not only need to consider whether adjuvant imatinib was administered but also need to take into account the duration of adjuvant imatinib. Limitations A limitation of this explorative study is that the mutational subgroups were not predefined in the trial protocol. To reduce the risk for a type I error, we focused on commonly used mutational subgroups. Variable definitions for the aberrations that affect KIT exon 11 codons 557 and/or 558 have been used, 12, 14, 15, 22 and, therefore, we classified these mutations using 3 categories. Because the size of some mutational subgroups was small, the statistical power to detect a treatment effect may have remained insufficient. Mutation analysis was not available for 17 (4.7%) of the 358 patients in the SSGXVIII/ AIO trial efficacy population, but no bias in the frequency of the most important prognostic factors was found between patients with and without mutation analysis available. Patients with KIT exon 9 mutation might have benefited from an imatinib dose higher than 400 mg/d, 17 but this was unknown at the time the trial was designed.
Conclusions
The duration of adjuvant imatinib influences the risk of GIST recurrence associated with KIT deletion mutations. The adverse prognostic influence of some frequent mutations, such as deletion mutations that involve KIT exon 11 codons 557 and/or 558, was no longer detectable in patients treated with adjuvant imatinib for 3 years. Tumor mutation analysis aids in the selection of patients for adjuvant imatinib treatment because patients with KIT deletion mutations benefit more from 3 years of adjuvant imatinib than patients with other mutations, and some GISTs, notably those with PDGFRA D842V mutation, are considered imatinib resistant. 23 Two ongoing randomized trials 24, 25 are currently comparing 5 vs 3 years and 6 vs 3 years of adjuvant imatinib treatment to evaluate whether still longer adjuvant treatments will provide further benefits. **Includes 4 tumors with a KIT exon 13 mutation, 2 with a KIT exon 11 duplication/insertion mutation plus a substitution mutation, 1 with a KIT exon11 insertion mutation plus an insertion-deletion mutation, and 1 with a KIT exon 11 deletion mutation plus a KIT exon 11 insertion mutation. The RFS curves are plotted either from the date of randomization (the placebo arm of the Z9001 trial, the observation arm of the EORTC trial) or from the date of stopping the planned duration of adjuvant imatinib (the rest of the curves).
ARTICLE INFORMATION
Regarding the ACOSOG Z9001 and the EORTC trials, the data were extracted from references 6 and 8. In the SSGXVIII trial the patients had high-risk GIST, and for the EORTC trial RFS of the high-risk subpopulation in the trial is presented. The RFS data of the high-risk group were not available from the ACOSOG Z9001 trial, and the plots shown correspond to patients who had GIST ≥10 cm in diameter. The slopes of the RFS curves tend to become the shallower the longer the duration of adjuvant imatinib. This comparison between the trials needs to be interpreted with caution due to differences in the study populations, and as GISTs that recur during adjuvant imatinib often have a high mitotic count 1 potentially leaving less aggressive tumors in the analysis.
